Current energy policies require the urgent replacement of fossil energy carriers by carbon neutral ones, such as hydrogen. The backing or micro-porous layer plays an important role in the performance of hydrogen proton exchange membrane (PEM) fuel cells reducing contact resistance and improving reactant/product management. Such carbon-based coating cannot be used in PEM electrolysis since it oxidizes to CO 2 at high potentials. A functional titanium macro-porous layer (MPL) on the current collectors of a PEM electrolyzer has been developed by thermal spraying. It improves the contact with the catalyst layers by ca. 20 mΩ cm², increasing significantly the efficiency of the device when operating at high current densities.
Abstract
Current energy policies require the urgent replacement of fossil energy carriers by carbon neutral ones, such as hydrogen. The backing or micro-porous layer plays an important role in the performance of hydrogen proton exchange membrane (PEM) fuel cells reducing contact resistance and improving reactant/product management. Such carbon-based coating cannot be used in PEM electrolysis since it oxidizes to CO 2 at high potentials. A functional titanium macro-porous layer (MPL) on the current collectors of a PEM electrolyzer has been developed by thermal spraying. It improves the contact with the catalyst layers by ca. 20 mΩ cm², increasing significantly the efficiency of the device when operating at high current densities.
Glossary

PEM
proton exchange membrane CC current collector ICR internal contact resistance PMG precious metal group CL catalyst layer GDL gas diffusion layer (fuel cell) MPL macro-porous layer VPS vacuum plasma spraying LR leakage rate EIS electrochemical impedance spectroscopy SEM scanning electron microscopy CPE constant phase elements R resistance OER oxygen evolution reaction Ir iridium Pt/C Platinum on carbon Ti Titanium
Introduction
Hydrogen can be used as a carbon neutral energy carrier either to provide electricity through fuel cells or to store the surplus coming from renewable sources such as solar or wind by means of water electrolysis systems [1] . Proton exchange membrane (PEM) electrolyzers have great technological potential thanks to the high power densities, superior gas quality and superior dynamic operation ranges [2] . Up to now, the current collector (CC) of a PEM electrolyzer consists of a porous structure of titanium such as a sintered disc, foam, felt or expanded mesh [3] . The porosity and pore size of the sintered discs can be adjusted by selecting the appropriate size and shape of the titanium particles [4] but the configurations are quite limited. Foams, felts and expanded meshes overcome these issues [5] and have a lower cost [6] . However, the development of a CC with optimized microstructure for efficient water/gas bubble management is still a challenge in PEM electrolysis. F. Arbabi et al. used a technique of visualization of air injection into the liquid-saturated porous network of microfluidic chips in order to simulate the transport mechanism of gas bubbles in the CC [7, 8] . They found that transport mechanism of air bubbles in the CC is capillary-dominated even at high current densities. Their results showed that gas saturation at the breakthrough moment is smaller for felts than for the sintered discs.
The uniform and sufficient contact between the CC and the catalyst layer (CL) reduces the interfacial or internal contact resistance (ICR) and thus the activation overpotential [9] . The ICR can be lowered by using expensive precious metal group (PMG) coatings on the CC [10] . In the case of a PEM fuel cell this problem is solved by introducing a backing or micro-porous layer between the catalytic layer and the carbon CC or GDL [11, 12] . It lowers the ohmic losses by keeping the membrane better hydrated improving the adhesion and contact between the various conductive components, such as carbon [11] . In addition, it allows for better transport of the various species required for reaction by removing the produced H 2 O through its hydrophobic component. Lastly, the backing layer in a PEM fuel cell buffers regions between the diffusion media and the CL [12] . All the benefits that it offers to the PEM fuel cell, reported in more than 149 publications since 2002 (ISI Web of Knowledge), are hitherto missing in a PEM electrolyzer. Herein we provide an approach for developing a titanium macro-porous layer (MPL) produced vacuum plasma spraying (VPS) on the CC of a PEM electrolyzer.
Experimental
Porous titanium coatings were deposited by vacuum plasma spraying (VPS) on 5 x 5 cm The measurements were recorded at a scan rate of 4 mA cm -2 s -1 , 85 °C and atmospheric pressure.
Results
The proof of concept of a MPL with controlled porosity is illustrated in a scheme presented in Fig. 1a. As shown, the MPL should increase the contact surface with the catalyst while improving the water/gas management through a gradient of pore sizes. For this purpose, several layers of titanium were deposited on the CC. The LR was determined. It was found that two layers of titanium produced a LR of 480 mbar l cm -2 s -1 . Two more layers decreased this value down to 112 mbar l cm -2 s -1 . Further increase in the number of layers resulted in lower LR, thus higher density of the coating. Fig. 1b shows a cross section SEM image of 8-layers of porous titanium deposited on the surface of the CC by VPS. As it can be observed the layer has a splat structure, is porous, and rough. An estimation of the thickness, rugosity, pore size and porosity was carried out by image analysis. These results along with the LR measurements are summarized in Table 1 . One can notice that the increase of the number of layers has practically no effect in the rugosity, which in average is about 0.74. However, it is possible to make the coating rougher by increasing the torch sweep rate. By depositing layers of titanium on mild steel and corroding the substrate afterwards it is possible to determine more accurately the pore size of a freestanding MPL by Hg-adsorption technique. It turned to be between 0,1 µm and 10 µm with a modal pore size of 1,3 µm (Fig S1. Supporting information) . The pore structure of the MPL can be controlled up to a certain extent by varying the deposition parameters. The systematic variation of the VPS parameters for producing MPL with desired properties will be reported in a separate study. Only the 2-layer MPL was chosen for subsequent characterization presented in this study.
The method of measuring ICR vs. compaction force is useful for characterizing interconnecting elements of a low temperature electrochemical device such as PEM fuel cell or electrolyzer. for the high frequencies. The Nyquist plots with the measured and simulated spectra are presented in Fig. 2c and Fig. 2d for the electrolyzer without and with MPL, respectively. The electrolyzer with MPL shows a decrease of the high frequency loop which corresponds to charge transfer resistance of the electric/ionic conductive elements (R 2 ) and double layer charge effects in the active zone of the electrode [14] [15] [16] .
The computed values of R 1 -R 4 are presented in Fig. 3a-Fig. 3e . Firstly, the resistance associated to the interconnecting elements and membrane (R 1 ) of the electrolyzer decreases ca. 20 mΩ cm² when having an MPL, which is in good agreement with the results from the ICR measurements, Lastly, the MPL on the CC has a moderate impact on the performance of the electrolyzer when operating at current densities below 1.2 A cm -2 . However, at higher current densities, where mass transport effects dominate, the impact of the MPL in performance is even more profound. At 5 A cm -2 the overpotential of the electrolyzer is reduced by approx. 256 mV which translates in an increase in efficiency of almost 5%. It is expected that at full load operation, PEM electrolyzers for the power-to-hydrogen application will run at high current densities in order to save capital investment cost.
Conclusions
Here we presented the development and characterization of a MPL produced by thermal spraying on the CC of a PEM electrolyzer. Thanks to its morphological properties, it reduces the ICR by ca. 20 m cm 2 
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